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Abstract—This paper demonstrates experimentally the 
distribution of radio-over-fiber (RoF) signals using orbital 
angular momentum (OAM) of light over standard OM4 
multimode fiber (MMF) at 850 nm wavelength. Five independent 
OAM modes are used to convey RoF signals in the microwave 
regime showing robust performance and therefore opening new 
prospects for enhancing the capacity of MMF based RoF Links.   
Keywords— orbital angular momentum; microwave signals; 
radio-over-fiber; mobile fronthaul 
I.  INTRODUCTION 
The development of wireless networks is adding pressure 
to the transport networks underneath, which had effectively 
moved from copper based links (see Fig. 1) to fiber based 
links. Current fiber based distribution systems for wireless, 
mobile fronthaul, is now experiencing a new phase of 
regeneration: radio-over-fiber (RoF) systems [1] and free 
space optics (FSO) [2] have been proposed and successfully 
demonstrated to provide large bandwidth to antenna sites, 
smoothly integrating the mobile fronthaul segment with the 
mobile backhaul segment. The advantages of using RoF 
techniques to distribute wireless signals are multifold: it 
provides a scalable technology that allows seamless 
integration of the optical access network and the transmitting 
antenna by providing direct optical baseband to optical RF up-
conversion. The low transmission loss of optical fiber allows 
for antenna remoting, allowing centralizing wireless carrier 
generation and signal processing. Photonics is generally of 
advantage when generating and transmitting spectrally-broad 
and spectrally-efficient ultra-high capacity data signals. On the 
other hand, FSO has been proven to be a flexible tool to link 
short- to mid-range distances [3]. A deficiency in FSO is the 
under-utilization of the available spectra. Orbital angular 
momentum (OAM) of light has been proposed to effectively 
increase the capacity of FSO links by multiplexing several 
channels using the modes of the light  [4], [5]. An alternative 
usage of OAM modes has been presented for short-range 
multimode fiber (MMF) links and showed improvement of 
transmission performance in terms of bit error rate (BER) for 
higher order OAM modes [6]. The OAM of light is the 
component of angular momentum of a light beam that is 
dependent on the field spatial distribution, and not on the 
polarization. It can be further split into an internal and an 
external OAM. The internal OAM is an origin-independent 
angular momentum of a light beam that can be associated with 
a helical or twisted wavefront. The external OAM is the 
origin-dependent angular momentum that can be obtained as 
cross product of the light beam position (center of the beam) 
and its total linear momentum [7]. By manipulating the OAM 
modes, multiple light beams can co-exist within the same 
space without interfering to each other. This effectively 
increases the capacity of the channel.  
Fig. 1 shows a network scenario where FSO with OAM is 
used to support RoF signal distribution for mobile fronthaul 
systems. Regular single mode fiber (SMF) connections are 
used to distribute RoF signals to the cell stations; in case an 
isolated cell stations needs to be feed remotely through an 
FSO link, we employ OAM to effectively multiplex N-
channels. At the isolated cell station, each individual OAM 
mode is recovered and the RoF signal fed to the antenna using 
multimode fiber (MMF), which is more convenient for low 
cost installations; MMF permits the use of the 850nm 
communication window, which is extensively use in data 
center environments and therefore has off-the-shelves 
components readily available.  
 
Fig. 1. Evolution from analog radio distribution systems based on copper to 
radio-over-fiber based signal distribution (upper section). Utilization of orbital 
angular momentum communications in cell cabinet linkage to overcome 
physical limitations on the deployment of mobile fronthaul wired 
infrastructures (lower section). OAM using FSO offers the possibility to 
distribute the channels to cell site cabinets, and later transport the RoF signals 
to each of the antennas independently using OAM over MMF. 
This paper will present experimental results on 
transmission of radio signal over multimode fiber measured 
for five OAM modes. The following sections include the 
experimental setup (Section II) used to demonstrate the 
proposed technology – a hybrid channel composed of OAM in 
FSO with fiber distribution, and examination of the main 
experimental results (Section III) obtained. We will finally 
discuss the outcome and summarize the results. 
II. EXPERIMENTAL SETUP 
The experimental setup is shown in Fig. 2. A 1.5 Gbps 
pseudo-random bit sequence (PRBS) is generated by a pulse 
pattern generator (PPG) and upconverted to a 10 GHz carrier 
using the external RF mixer of a vector signal generator 
(VSG).  The data sequence length is 215 – 1. The 800 Vpp 
upconverted signal is used to directly modulate a 850 nm 
multimode vertical-cavity surface-emitting laser (VCSEL) 
biased at 8 mA. The choice of bit-rate and carrier frequency is 
not based on adhering to any standard but for the purpose of 
investigating the performance of analog signal transmission 
over OAM in MMF. 
 
Fig. 2. Experimental setup. PPG: pulse pattern generator, VSG: vector signal 
generator, VCSEL: vertical-cavity surface-emitting laser, LCOS SLM: Liquid 
Crystal on Silicon – Spatial Ligt Modulator, PBS: polarization beam splitter, 
MMF: multimode fiber, PD: photodiode, DSO: digital sampling osciloscope. 
The modulated VCSEL beam is launched from the laser’s 
fiber pigtail to free space. In the free space part of the system 
the multimode beam passes through the polarizer to the spatial 
light modulator (SLM). The SLM modulates the phase of the 
incoming beam to helical, creating an orbital angular 
momentum (OAM) mode.  In this work we use SLM to create 
five consecutive OAM modes: M0-M4, where M0 is a 
conventional multimode and M1-M4 are OAM modes with 
orders from 1 to 4. The optical power level is controlled by the 
variable attenuator. After a 45 cm free space path, the beam is 
coupled into a 1 m long MMF OM3 patchcord and connected 
to the multimode fiber spool for transmission performance 
assessment. The FSO link length is limited by the laboratory 
space available; fundamentally, the link can be extended, as it 
has been demonstrated previously [8]. Fig. 3 shows a picture 
of the free space setup section. We test fiber transmission over 
1 m and 100  m MMF OM4. The loss in 100 m spool is 0.37 
dB at 850 nm. The transmitted signal is received with a 850 
nm photodiode with 25 GHz bandwidth, stored at a digital 
storage oscilloscope (DSO) with 14 GHz bandwidth and 
downmixed in off-line postprocessing using digital signal 
processing; no equalization algorithms were employed in this 
experiment.  
 
Fig. 3. Free space optics’ setup. The wired section of the setup was located in 
an adjacent optical table. SLM: spatial light modulator.  
III. EXPERIMENTAL RESULTS 
We first assessed the stability of the system when using 
each of the OAM modes in terms of optical spectra. Fig. 4 
shows the optical spectra before and after transmission for 
each of the five modes with and without RoF modulation. As 
it can be observed the optical spectra remain stable, as 
expected, regardless of the OAM used to convey the analog 
signal and whether the modulation is on or off, as expected.  
 
Fig. 4. Optical spectra of each of the modes before and after transmission, 
and with and withou modulation. As it can be observed, the spectra in all 
cases remain the same, indicating the stability of the system.  
Fig. 5 shows the bit error rate (BER) performance of the 
system, comprising the measured curves in the back-to-back 
case and after 100 m of transmission through OM4 MMF 
fiber.  
 
Fig. 5. Measured Bit error rate curves for back-to-back and after 100 m of 
OM4 MMF transmission, for each of the five orbital angular momentum 
modes.  
The BER performance for each set of OAM modes in 
either case remains within the same range, indicating a solid 
and consistent performance. After transmission, the power 
penalty at BER of 1e-3 is less than 2dB for all cases, 
indicating again a solid and OAM mode-independent MMF 
performance of RoF using vortex modes.   
IV. CONCLUSIONS 
Transmission of analog signals over conventional MMF 
fibers with enhanced robustness and enhanced capacity are a 
new prospect for low cost MMF RoF links. In this work, we 
demonstrate the solid and stable performace of using up to 5 
OAM modes with a carrier signal of 10 GHz. Further work 
includes the study of OAM (de)multiplexing in FSO and the 
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